The theoretical atomic structure and spectra data for electric dipole transitions in six gold ions (Au 67+ through Au 62+ ) are produced using the flexible atomic code (FAC). The produced data contain energy levels, radiative transition rates and oscillator strengths with n = 0 (n = 3 → 4, 5, 6, 7). All M-shell strong lines for the six gold ions are also identified. The produced data and constructed spectra revealed the presence of a wide variety of ionization stages of Au with several blended spectral lines in the spectral range (1.7-4.4 Å). Calculated energy levels are compared against published values, which were calculated using the multi-reference many body perturbation theory that includes higher order quantum electrodynamics corrections effects. Favorable agreement with <0.26% difference was observed.
Introduction
An accurate atomic structure and spectral data of highly ionized gold (Au; Z = 79) ions are of great importance in plasma science, fusion reaction, biomedical applications and other scientific research disciplines. Gold is commonly used as a work material in nuclear fusion reactors. In Tokomak plasma devices, it serves as a construction material that appears as impurities introduced by incidental erosion of antenna surfaces. The presence of highly ionized Au ions in any quantity affects achieved temperature and confinement time in the Tokomak. Therefore, identifying Au impurities is very important in fusion research. Gold is also important in plasma diagnostics for analyzing the radiation emission profile of fusion plasma, which provides essential information concerning the amount of impurities and their locations [1] . In high-energy astrophysics, atomic data of gold facilitates the understanding of how gamma ray bursts and other phenomena are generated in the universe [2] .
Recently, gold nanoparticles have received extensive attention in biomedical research because they are capable of enhancing the efficiency of radioactive therapy through the absorption of the x-ray [3] . In addition, a new method of cancer therapy that makes use of Auger electrons in gold ions has emerged [4, 5] .
There is considerable interest in the production of high ionization states in plasmas. For example, wire-explosion experiments produce plasma with intense resonance and inner-shell transitions. Vacuum sparks [6] , laser-produced plasmas [7] , plasma-focus devices [8] and the sun [9] are among the laboratory sources for the spectra of highly ionized atoms in the x-ray region. Several experimental techniques are employed worldwide to investigate Au spectra. They include wire explosion plasma of gold irradiated by laser pulse [10, 11] , non-LTE gold plasmas and electron beam ion Q1 trap (EBIT) [12] [13] [14] .
Theoretical research involved in highly ionized Au ions includes: unresolved transition array (UTA) computations [15] , relativistic multi-configuration Dirac-Fock (MCDF) [16, 17] , the weakest bound electron potential model (WBEPM) [18] , the multi referencemany body perturbation theory (MR-MBPT) [19] and multi-configuration interaction calculations [20, 21] .
Spectral lines of highly ionized gold yield atomic structure information that is useful in testing atomic theories, including correlation and relativistic effects. Relativistic and correlation effects play an essential role in the electronic structure and spectroscopic properties for many electron systems. Contributions of the quantum electrodynamics corrections (QED) are notable in the spectra of highly charged ions. The intensities and profiles of the spectral lines yield diagnostic information of the plasma state.
In this paper, we aim at producing reliable spectra and atomic data for some gold ions that could be used in low density and hot dense plasma diagnostics. The relativistic configuration interaction method (RCIM) in the flexible atomic code (FAC) [22] is used to produce theoretical data for the atomic structure and transition rates for gold ions from Mg like Au (Au 67+ ) through Cl-like Au (Au 62+ ). The RCIM method of FAC is reputable in making quantitative predictions that are in agreement with experimental findings [23] [24] [25] [26] . Large-scale relativistic atomic calculations for n = 0, (n = 3 → 4, 5, 6, 7) are employed. The atomic data produced includes energy levels, transition rates, oscillator strength and wavelengths of electric dipole (E1) M-shell transitions. The acquired data is used to construct synthetic spectra for the considered gold ions following the Lorantizian line profile of natural line broadening.
Theoretical methods and computational procedure
Starting with Dirac equations, the ground state configuration for each ion is used to construct a fictitious mean configuration with a fractional occupation number that takes into account the electron screening of involved configurations. System bound states are calculated in the configuration mixing approximations with convenient specification of mixing scheme. Modified self-consistent Dirac-Fock-Slater iteration is performed to derive a local central potential that is used to derive the radial orbitals for the construction of basis states. Level energies of a specific configuration are corrected by applying the difference between the configuration's average energy calculated by this potential and that calculated by the potential optimized to this configuration. The relativistic Hamiltonian (H) for an atomic ion with n electrons (in atomic units) is:
where H D (i) is the single electron Dirac Hamiltonian due to the nuclear charge potential. The approximate atomic state functions are: = µ b µ ϕ µ , where ϕ µ are the basis states which are anti-symmetric sums of the products of the N Dirac spinors, ϕ nkm ϕ nkm = 1 r iP nk (r )χ km (θ, φ, σ )
Q nk (r )χ −k,m (θ, φ, σ )
; b µ are mixing coefficients obtained by diagonalizing the total Hamiltonian; n is the principle quantum number; k is the relativistic angular momentum which is equal to (l − j) (2 j + 1); m is the magnetic quantum number; l is the orbital angular momentum; and j is the total angular momentum. χ km is the spin angular function; P nk and Q nk are the large and small components, respectively. They satisfy the coupled Dirac equation for local central field V(r),
where α is the fine structure constant and ∈ nk is the energy eigenvalue of the radial orbitals. V(r) is the sum of the nuclear charge contribution potential, V N (r ), and the electron-electron interaction potential is V e-e (r ). The nuclear charge contribution potential is:
where R N = 2.02677 × 10 −5 A 1/3 is the statistical model radius of a nucleus whose atomic weight is A [27] .
The electron-electron interaction includes the spherically averaged potential due to bound electrons and local approximations to the exchange interactions. It is calculated from equation (4), which follows the approach of the SZ code [28] after excluding the self-interaction term in order to correct the asymptotic behaviour at large r .
where:
) is the Wigner 3-j symbol and r < and r > are the less or greater of r and r . The electron-electron contribution to the average energy E e-e is:
The (1/2) factor to the left of the summation is introduced in order to prevent double counting of electron pairs in the summation. Dirac coupled equations (equation (2)) are solved by constructing a self-consistent iteration where a radial orbital from a previous step is used to derive the potential. Dirac coupled equations are then converted to a Schrodinger-like equation by eliminating the small component and performing some appropriate transformations. The standard Numerov method is then used to solve the Schrödinger-like equation obtained. The radial function (not linear) covers a large radial distance for a given number of grid points. Minimum distances on the radial grid are chosen to be within the nuclear charge distribution. Maximum distances (r max ) cover the excited states up to shell number 20; bound energies are less than the Coulomb potential at r max .
Radiative transition rates are calculated in a single multipole approximation, where the initial state is: ψ i = ν b iν ν , the final state is ψ f = µ b fµ µ , and the multi-pole operator is O L M . The second quantization method is used to solve Hamiltonian matrix elements by recoupling the creation and annihilation operators with the help of Racah algebra. The generalized line strength of the transition (S fi ) and the weighted oscillator strength (g f fi ) are given by:
Finally, the weighted radiative transition rate (in atomic units, au) is given by:
where ω = E f − E i is the transition energy.
Produced synthetic spectra
The produced atomic data for electric dipole transitions are used to construct synthetic spectra for Au ions in order to simulate the spectra of low-density Au plasma (n e 10 13 cm −1 ), where most Au ions are in their ground states and their emission spectra are attributed to excitation processes. The simulated synthetic spectra of low-density Au plasma are helpful in the diagnostics and identifications of spectral features in hot-dense plasma, whose spectra are better modeled through collisional-radiative models.
Spectrum lines are never monochromatic: the intensities are distributed over a finite wavenumber (σ ) range and are described by an intensity distribution function I (σ ), which is assumed to be normalized to unity (∫ I (σ ) dσ = 1). The intensity distribution may arise from a number of different causes, but the focus is on the less broadening one that has natural width broadening or the Lorentz line profile:
= σ , σ 0 is the wave number at the center of the spectral line and is the half-width of the line at the half-maximum amplitude.
Results and discussion
The RCIM of the FAC is used to carry out atomic data calculations for allowed transitions (electric dipole E1) in six highly ionized Au ions (Au 67+ to Au 62+ ). The RCIM normally yields accurate data as it includes correlation and relativistic effects by following the MCDF method. It uses the standard Coulomb-Dirac Hamiltonian that includes the spin-orbit interaction, mass-shift and other leading relativistic effects. The nuclear potential is assumed to be a hard sphere potential in order to account for the finite effects of the nuclear size.
Relativistic and correlation effects are important at accuracy achievement data in the electronic structure and spectroscopic properties of many electron systems. On the other hand, the QED have optimized effects on the energy levels of highly charged ions. In practical computation, the electron correlation effects on fine structure and transitions are more important than QED [29] . Therefore, higher orders of QED corrections, such as retardation and recoil, are not accounted for in the FAC code.
In order to investigate what impacts neglecting the QED contributions would have on calculating energy levels using the RCIM, low-lying energy levels for Mg, Al, Si and P-like Au generated by the FAC code (table 1) are compared against published relativistic data that includes higher order QED effects [19] . The comparison confirms that there is a slight difference (<1.58 eV) in energy levels obtained using both methods.
Calculations begin with the assumption that K-and L-shells are closed. The configuration state functions (CSF) for the investigated Au ions are: 1s 2 2s 2 2p 6 3l q ; where l is s, p or d and q depends on the number of valance electrons of each ion. Large-scale relativistic atomic calculations are performed to produce the atomic structure and spectral data for allowed M-shell transitions from the ground state complex (n = 3) to the excited state complexes (n = 4, 5, 6, 7) with n = 0. Generated data are used to create synthetic spectra for each ion based on the Lorentz line profile with natural line broadening (figures 1-6), where lines intensities are normalized to unity in arbitrary units. Generated data and spectra are discussed separately for each considered ion in the next sections.
Mg-like Au (Au
Mg-like Au has two valance electrons. Mg isoelectronic sequences were studied elsewhere for mid Z and some high-Z elements using several atomic calculation methods [30, 31] . The electronic configuration for Mg-like Au ion is 1s 2 2s 2 2p 6 3s 2 . The ground state configuration is either (3s 1/2 3s 1/2 ) J =0 or 3S 2 0 . Atomic structure calculations for n = 3, 4, 5, 6 and 7 complexes yield 675 even-and odd-parity states distributed over the total angular momentum range 0 J 9, as illustrated below: The included electronic configurations in the calculations are: 3s 2 , 3s 3p, 3p 2 , 3s 3d, 3d 2 , 3s nl, 3p nl, 3d nl, where n = 4, 5, 6, and 7 and l spans all the allowed orbital angular momentum values for a given n. Table 1 illustrates the energy levels of complex n = 3 and the lowest lying states of complexes n = 4, 5 Figure 1 . Synthetic spectrum of Mg-like Au (Au 67+ ) ion produced using data generated by the RCIM (FAC code). 
Relative Intensity (arb. unit)
Figure 2. Synthetic spectrum of Al-like Au (Au 66+ ) ion produced using data generated by the RCIM (FAC code). Figure 3 . Synthetic spectrum of Si-like Au (Au 65+ ) ion produced using data generated by the RCIM (FAC code). and 6 for Mg like-Au ions generated using the FAC code and compared against the energy levels of complex n = 3 generated using the relativistic multi-reference Møller-Plesset (MR-MP) algorithm [19] . The MR-MP method is based on the (3d 3/2 ) 7/2 -(5f 7/2 ) 9/2 (3d 3/2 ) 9/2 -(5f 5/2 ) 11 Figure 4. Synthetic spectrum of P-like Au (Au 64+ ) ion produced using data generated by the RCIM (FAC code). relativistic Dirac-Coulomb-Breit (DCB) Hamiltonian, which includes the multi-configuration interaction expansion and the higher order QED effects (as radiative corrections, Lamb shift, polarization). The factor 1 eV = 8065.44 cm −1 was used to convert the energy values generated using MR-MP, which are expressed in cm −1 , in order to simplify the comparison with values generated using the FAC code, which are reported in eV.
MR-MP ability to account for the QED effects makes it superior over the FAC method. Nevertheless, the agreement between the findings of the two calculation methods in the case of Au 67+ through Au 62+ is favorable. The difference in the values of energy levels (dE) obtained using the two calculation methods is <0.26%, as it ranges from 0.007 to 1.243 eV. Furthermore, the energy level ordering in both generated data sets are alike, except the ordering of levels (3d 3/2 3p 3/2 ) J =3 and (3d 3/2 3p 3/2 ) J =1 . Their ordering in the data set generated using FAC is: state (3d 3/2 3p 3/2 ) J =3 with energy 1588.68 eV and then state (3d 3/2 3p 3/2 ) J =1 with a higher energy 1589.09 eV. In the data set generated using the MR-MP method their ordering is reversed: state (3d 3/2 3p 3/2 ) J =1 with energy 1588.31 eV and then state (3d 3/2 3p 3/2 ) J =3 with energy 1588.80 eV. This is likely due to the high mixing in these two adjacent states, where the QED correction slightly shifts energy levels and causes the observed ordering reverse.
The atomic data for Mg-like Au produced using the FAC code for optically allowed transitions E1 are listed in table 2. Produced data includes electric dipole transition energy ( E (eV)), wavelengths (λ(Å)), radiative transition rates (A r (s −1 )) and weighted oscillator strengths (g f ). The calculations generated massive E1 transitions, therefore only strong transitions within the complexes n = 3l to n l , where n = 4, 5, 6 and 7 (l is the proper angular momentum of n ) are presented. The created synthetic spectra of Mg like-Au are illustrated in figure 1. It is readily seen that the strong spectral lines are contained in the range 2.2-3.8 Å.
Al-like Au (Au 66+ )
This ion has three valance electrons. Its isoelectronic sequences were studied elsewhere for mid Z elements [32, 33] . 3 , 3s 3p 3d, 3s 2 nl, 3s 3p nl, 3p 3d nl, 3p 2 nl, 3d 2 nl, 3s 3d nl, where n = 4, 5, 6, 7 and l spans all allowed values of orbital angular momentum for a given n. The total number of energy even-and odd-parity states is 5097 distributed for 1/2 J 10.5 as below: All possible electronic configurations for complexes 3, 4, 5, 6 and 7 are included in our calculations. Some energy levels calculated for complex n = 3 using the FAC code and the low-lying energy levels calculated by the MR-MP method [19] are presented in table 1. The agreement in energy levels data generated using both methods are favorable with <0.13% differences (dE is in the range 0.04-1.57 eV). The slight energy differences are attributed to QED effects. The energy levels ordering obtained using the two calculation methods are alike indicating that both methods do not display any mixing in the low-lying states. The atomic data of the electric dipole transitions (E1) for strong transitions in Al-like Au ions are presented in table 2 (Al-like Au data section). Data includes electric dipole transition energy, wavelength, radiative transitions rates and weighted oscillator strengths. The considered transitions are those from M-shell to n = 4, 5, 6 and 7. Created spectrum of Al-like Au, which lies in the range 2.2-3.9 Å, is depicted in figure 2 . Blending takes place in several transition lines among the spectra of Mg-like Au and Al-like Au. For example, transition line (3p 3/2 5f 7/2 ) J =5 -(3p 3/2 3d 5/2 ) J =4 at λ = 2.6468 Å with g f = 1.302 in Mg-like Au blends with transition (3p 3/2 3d 5/2 5f 5/2 ) 9/2 -(3p 3/2 3d 3/2 3d 5/2 ) 9/2 at λ = 2.6468 Å with g f = 0.5474 in Al-like Au.
Si-like Au (Au
65+ )
The Only the energy levels for the low-lying states of complex n = 3 in Si-like Au ions are presented in table 1. The agreement between the findings of the two calculation methods is quite good with about 0.14% percentage. The differences in the values of energy levels (dE) obtained using the two calculation methods are in the range 0.02-1.11 eV. These differences are likely due to the capability of MR-MP to account for the QED correction effects. Produced data using either calculation method do not display any mixing in the low-lying states. That makes the energy levels ordering alike in both calculation methods. The atomic data of electric dipole transitions (E1) for Si-like Au ions produced using the FAC code are listed in table 2. Considered transitions are based on a single excitation of an M shell electron to one of the complexes n = 4, 5, 6 or 7. Because of the massive transition lines between the mentioned Table 2 . Atomic data generated using FAC cod for energy difference ( E (eV)), wavelengths ( λ (Å)), radiative transition rates (A r (s −1 )), and oscillator strength (g f ) for strong electric dipole transitions (E1) to ground states of Mg-, Al-, Si-, P-, S-, Cl-like Au ions. The atomic data for Si-like Au multipole transitions is scarce: most of the published experimental and theoretical data for Si-like Au are limited to inner shell transitions that involve n = 3 complex only [19, [34] [35] [36] . Few investigations of Si isoelectronic sequence data considered complexes n = 3, 4 or 5, in mid Z ions only [37, 38] . Therefore comparing E1 transitions in Si-like Au with the published data is unavailable. The created spectrum of the electric dipole in Si-like Au is situated in the wavelength range 2.0-4.0 Å (figure 3). It is evident that (3d-4f) transitions are the most intense lines in the synthetic spectrum of Si-like Au ions.
P-like Au (Au
64+ )
The electronic configuration of P-like Au is 1s 2 2s 2 2p 6 3s 2 3p 3 . The ground state configuration is 3s 2 0 3p 1/2 3p 1/2 3p 3/2 . P-like Au has five valance electrons in the M-shell (n = 3), which makes it difficult to carry out calculations of energy matrices due to data jam. In order to do the calculations, we have kept sub-shell 3s 2 closed throughout the calculation. The complexes n = 4, 5, 6, 7 are included in the calculation of configuration interactions within 0.5 J 11.5. Considering all possible E1 transitions from the M-shell up to n = 7 yields 5070 possible energy states, summarized below: The configurations included in the calculations of P-like ion states for n = 3 are: 3s 2 3p 3 , 3s 2 3d 3 , 3s 2 3p 2 3d, 3s 2 3p 3d 2 . The considered configurations for complexes up to n = 7 are: 3s 2 3p 2 nl, 3s 2 3d 2 nl, 3s 2 3p 3d nl, where n = 4, 5, 6, 7 and l spans all allowed values of orbital angular momentum for a given n.
Some low-lying energy levels of P-like Au calculated by FAC and the relativistic MR-MP algorithm [19] are presented in table 1. There is a good agreement between the findings of the two calculation methods. Differences in the values of the energy levels generated using the two calculation methods (dE), which range from 0.11 to 1.32 eV, are likely due to the QED corrections. The percentage difference in energy levels is about 0.17%. The atomic data of E1 transitions are presented in table 2. The constructed spectrum of P-like Au is situated in the wavelength range 2.1-4.1 Å (figure 4). The 3d-nf transitions dominate the spectrum. Strong E1 transitions for all possible transitions from M-shell to n = 4, 5, 6 and 7 are calculated using the FAC code. The calculations have generated massive E1 transition data, therefore only the strongest transitions from upper shells to the ground state shell are presented (table 2) . The produced spectrum of S-like Au is situated in the wavelength region 2.7-4.2 Å (figure 5); transitions 3d-nf dominate the spectrum; E1 strong transitions are grouped into 3-4 and 3-5 transitions. The generated data demonstrated many blending transition among lines of S-like Au and other Au ions. No published data are available for energy levels or transition rates that enable comparing our findings.
S-like Au (Au

Cl-like Au (Au 62+ )
The electronic configuration of Cl-like Au (Au 62+ ) is 1s 2 2s 2 2p 6 3s 2 3p 5 . In order to simplify the calculations and to prevent data jam, K and L shells and the 3s sub-shell are kept closed throughout the calculations. The remaining five valance electrons yield a large number of CSF. The included electronic configurations in the calculations for n = 3 in Cl-like Au are: 3p 5 Atomic data for Mg-, Al-, Si-, P-, S-and Cl-like Au multipole transitions is scarce; therefore, comparing our generated E1 transitions data with experimental or theoretical published data is not handy. However, transitions 2p-3d were extensively investigated for gold ions in the broadband x-ray spectra produced at the Super EBIT electron beam ion trap performed at three electron beam energies [14] . The M-shell experimentally produced transitions are depicted in figure 1 of [14] . Transition energies in the wavelength range 2.0-6.2 Å (2000-6000 eV) were illustrated without interpretations. In this paper, calculated electric dipole spectra of the six investigated Au ions are found to be in the wavelength range 2.0-4.4 Å, which implies that the transition lines of the six Au ions are situated in the broadband x-ray gold spectra of reference [14] .
Inner shell transitions n = 0 of the n = 3 complex are in the extreme ultraviolet (EUV) spectral range, which is out of the scope of this article. However, calculations for selected Au ions are performed for comparative purposes. Table 3 shows the energy levels produced using FAC compared with the published experimental data and theoretical data calculated using the MR-MP algorithm [19] . It is evident that there is good agreement between the FAC generated data and experimental data; yet, the MR-MP algorithm yields theoretical data that are a bit more accurate because the accuracy of FAC is limited in non-x-ray transitions.
Summary and conclusions
The RCIM of the FAC is applied to generate atomic data for energy levels and electric dipole transitions for six Au ions (Mg-, Al-, Si-, P-, S-and Cl-like Au ions). A large scale M-shell calculation was performed according to the electric dipole selection rules up to n = 4, 5, 6 and 7 complexes. The ground state atomic configuration and configurations related to single electron excited states are considered in the calculations. Energies, wavelengths, radiative transition rates and oscillator strength values are calculated, tabulated and discussed. Generated data for the electric dipole transition lines are situated in the wavelength range 1.7-4.4 Å (x-ray region). Therefore, Au experimental spectra should reveal the presence of a wide variety of ionization stages in the spectral range 1.7-4.4 Å.
The spectra of the investigated ions are situated in the wavelength range 2.1-4.4 Å. Transitions 3d-4f dominate the synthetic spectra of most investigated Au ions. The spectral regions of the six Au ions are sub-grouped into 3-4 transitions (first strongest), 3-5 transitions, 3-6 transitions and 3-7 transitions; 3-6 and 3-7 transitions are considered weak when compared with transitions 3-4. Sub-group transition lines are usually situated in separate wavelength regions, but in some cases, regions may overlap. Several blending instances among the transition lines of all ions are detected.
Favorable agreement was noted between the energy levels generated by RCIM (FAC code) for the low-lying states of Mg-, Al-, Si-, P-like Au and other published relativistic data that include high order QED corrections generated by the MR-MR algorithm. QED corrections were estimated to be <1.58 eV. The atomic data presented in this paper should be reasonably accurate for Au plasma diagnostics and modeling, in addition to various atomic and astrophysics applications.
